The processes that lead to the precipitation of authigenic calcium phosphate minerals in certain marine pore waters remain poorly understood. Phosphogenesis occurs in sediments beneath some oceanic upwelling zones that harbor polyphosphateaccumulating bacteria. These bacteria are believed to concentrate phosphate in sediment pore waters, creating supersaturated conditions with respect to apatite precursors. However, the relationship between microbes and phosphorite formation is not fully resolved. To further study this association, we examined microbial community data generated from two sources: sediment cores recovered from the shelf of the Benguela upwelling region where phosphorites are currently forming, and DNA preserved within phosphoclasts recovered from a phosphorite deposit along the Benguela shelf. iTag and clone library sequencing of the 16S rRNA gene showed that many of our sediment-hosted communities shared large numbers of phylotypes with one another, and that the same metabolic guilds were represented at localities across the shelf. Sulfate-reducing bacteria and sulfur-oxidizing bacteria were particularly abundant in our datasets, as were phylotypes that are known to carry out nitrification and the anaerobic oxidation of ammonium. The DNA extracted from phosphoclasts contained the signature of a distinct microbial community from those observed in the modern sediments. While some aspects of the modern and phosphoclast communities were similar, we observed both an enrichment of certain common microbial classes found in the modern phosphogenic sediments and a relative depletion of others. The phosphoclast-associated DNA could represent a relict signature of one or more microbial assemblages that were present when the apatite or its precursors precipitated. While these taxa may or may not have contributed to the precipitation of the apatite that now hosts their genetic remains, several groups represented in the phosphoclast extract dataset have the genetic potential to metabolize polyphosphate, and perhaps modulate phosphate concentrations in pore waters where carbonate fluorapatite (or its precursors) are known to be precipitating.
| INTRODUC TI ON
Phosphorus is an essential nutrient for life (Karl, 2014) . It plays a major role in a wide variety of biological processes as a key constituent in many biological molecules such as phospholipids, nucleic acids, and ATP (Sterner & Elser, 2002) . Biologically available phosphorus is primarily found in the form of phosphate (PO 4 3− ), which enters the hydrosphere as a result of the weathering of sedimentary and igneous rocks (Paytan & Mclaughlin, 2007) . Phosphate is transported to the ocean primarily via rivers, where it is either assimilated by organisms, or adsorbed to inorganic particles, such as iron oxides (Benitez-Nelson, 2000; Krom & Berner, 1980) . These processes are so efficient at removing phosphorus from the bioavailable pool that P can become a limiting nutrient in aquatic habitats such as lakes and ocean gyres (Elser et al., 2007; Tyrrell, 1999) . Phosphorus is also an important agricultural commodity due to its importance in fertilizer production, with millions of tons of phosphorus mined annually (Cordell, Drangert, & White, 2009 ). The primary source of mined phosphorus is sedimentary phosphorite-rocks that contain 6%-18% P 2 O 5 , principally in the form of apatite group minerals such as carbonate fluorapatite (Jarvis et al., 1994; Van Cappellen & Berner, 1988) .
Despite the economic and biological importance of these calcium phosphate mineral deposits, there are still open questions about the processes that are involved in the formation of phosphorites-a process termed phosphogenesis. While the processes that lead to the concentration of authigenic phosphatic minerals are known, the factors and mechanisms that control the initial precipitation of authigenic carbonate fluorapatite and its metastable precursors are not fully understood (Compton & Bergh, 2016; Filippelli, 2011; Föllmi, 1996; Krajewski et al., 1994) . What is known, is that beneath upwelling settings, the initial precipitation of phosphatic minerals occurs within a few centimeters of the sediment/water interface and is thought to be related to microbial activity (Bailey et al., 2013; Cosmidis, Benzerara, Menguy, & Arning, 2013; Crosby & Bailey, 2012; Goldhammer, Brüchert, Ferdelman, & Zabel, 2010; Krajewski et al., 1994; Schulz & Schulz, 2005) . In some parts of the organic-rich ooze known as the Benguela mud belt, accumulations of phosphatic minerals and pore waters supersaturated with respect to calcium phosphate minerals co-occur with the presence of large sulfur bacteria (LSB), such as Thiomargarita spp. (Goldhammer et al., 2010; Schulz & Schulz, 2005) . These bacteria are distinctive for their large size and the ability to store nitrate, elemental sulfur, glycogen, and polyphosphate (Schulz, 2006; Schulz et al., 1999) . Thiomargarita spp. are thought to accumulate polyphosphate under oxic or hypoxic conditions that they hydrolyze when exposed to anoxic or sulfidic conditions (Brock & Schulz-Vogt, 2011; Schulz & Schulz, 2005) .
Polyphosphate hydrolysis by Thiomargarita is thought to drive calcium phosphate mineral precipitation because phosphate release from these LSB can concentrate orthophosphate within confined horizons in sediment pore waters. However, some upwelling systems that host phosphorites have yet to show a correlation between LSB, polyphosphate, and phosphogenesis. For example, in sediments beneath the Humboldt upwelling system, the LSB Thioploca spp.
were found to correlate with increased phosphate concentration, but in sediments that did not contain calcium phosphate minerals (Holmkvist et al., 2010) . Additionally, these Thioploca did not contain polyphosphate granules at the time of collection. Jones, Flood, and Bailey (2016) recently conducted a transcriptomic investigation of sediments off Barbados that contain Thiopilula sp., a close relative of Thiomargarita within the family Beggiatoaceae. In incubation experiments, the Thiopilula-containing sediments released phosphate in a manner and magnitude similar to Namibian sediments containing Thiomargarita. However, no Thiopilula derived polyphosphaterelated gene transcripts were detected. Instead, diverse taxa outside of the family Beggiatoaceae exhibited transcripts associated with polyphosphate synthesis and hydrolysis. These findings suggest that other polyphosphate-metabolizing organisms, in addition to some LSB, may also contribute to the enrichment of phosphate in phosphogenic sediments.
Previous studies have established that cells and DNA from microbes present in sediment pore waters can be preserved by the precipitation of authigenic mineral phases Mason et al., 2015; Stevens et al., 2015) . Cells entombed in mineral precipitates could remain active, become dormant, or lyse. In some cases, the cellular remains may be protected from degradation within the mineral matrix (Marlow et al., 2014) . Authigenic carbonates and barites have been shown to preserve DNA and, in some cases, active cells entombed in minerals precipitating in their host marine sediment (Marlow et al., 2014; Stevens et al., 2015) . These authigenic precipitates can potentially preserve a signature of communities that are involved in mediating conditions that lead to authigenic mineral precipitation. We hypothesized that relict DNA recovered from the mineral matrix of phosphatic grains may reflect microbial communities that were present during phosphatic mineral precipitation. Further, we postulated that if microbial communities in extant phosphogenic sediments from the same region are contributing to active phosphogenesis, then microbial communities in modern phosphogenic sediments should resemble those preserved in sedimentary phosphoclasts. Here, we investigated these hypotheses using 16S rRNA gene sequencing to characterize sediment-hosted microbial communities from sediments at several locations along the Benguela shelf that have previously been shown to contain both phosphoclasts and LSB and that are thought to harbor active phosphogenesis. We also created 16S rRNA gene libraries using DNA extracted from concentrated phosphatic grains from one phosphorite location.
| MATERIAL S AND ME THODS

| Sample collection
Ten sediment samples were collected using a multi-corer (MC-200-4 and MC-400) at five marine sampling stations located off the western coast of Namibia, within the Benguela upwelling zone (Figure 1 ). Samples were collected during two expeditions on board the R/V Mirabilis. The first of these voyages took place in March 2014, where the samples named P1, L1, and C1-3 were obtained (sample naming is arbitrary). The samples C1, C2, and C3 represent core sediment samples taken at depths of 1-3; 3-6, and 6-10 cm, respectively. All other samples represent the top 1-3 cm of the core top. The second voyage took place in May 2015, where the samples S1 to S5 were collected. Sampling localities represent sites where potentially phosphogenic sediments (based on Corp., Irvine, CA) and stored at −80°C. In addition to sediment samples, concentrated phosphoclasts were recovered during the second expedition from one core horizon that intersected a concentrated phosphorite (hereafter referred to as sample "Phos").
Replicates of the concentrated phosphorite could not be obtained 
| Sediment pore water analysis
Concentrations of major anions were quantified in a Dionex ICS-2000 ion chromatography system (Sunnyvale, CA) using a Dionex IonPac AS19 analytical column and conductivity detection. Samples were eluted using a gradient of 4 to 35 mM KOH over 55 min. Sulfide concentration measurements were performed using the methylene blue assay (Cline, 1969) .
| Phosphoclast sample processing
Phosphoclasts were recovered from a core collected from the continental shelf off Luderitz, Namibia (2,600.001°N, 1,424.414°E; sample "Phos"). Phosphoclasts were identified in the core at 11-12 cm beneath the sediment/water interface using a dissecting microscope and were manually separated from bulk sediments. The separated phosphoclasts were washed to remove DNA from their exterior surfaces. The washing was done using a protocol similar to that described in Stevens et al., 2015) . In brief, the sample was rinsed in a solution of filter-sterilized phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.4). The suspension was sonicated for 45 s at 8 W, centrifuged at 4,000 × g for 5 min and the supernatant was removed.
Fresh filtered PBS was added and the procedure was repeated 21
times. To determine whether we had removed all exterior DNA from the phosphoclasts, 1 ml of supernatant was collected after the third, sixth, ninth, fifteenth, eighteenth, twentieth, and twenty-first rinses, to test for amplifiable DNA via polymerase chain reaction (PCR) as described below. Once it was confirmed that no amplifiable DNA was present in the rinsate, 0.1 g of phosphoclasts were manually pulverized in a sterile and nucleotide-free mortar. All tools and vessels used for this procedure were rinsed in 70% ethanol, DNA-OFF (Takara Bio USA, Inc.), nuclease-free water and then autoclaved at 121°C for 30 min.
| DNA extraction and amplification
DNA was extracted from sediment samples, pulverized phosphoclasts, and the rinsates collected during the phosphoclast washing procedure. All DNA extractions were performed using a Powersoil ® DNA Isolation kit with a modified version of the manufacturer's protocol (Mo Bio Laboratories, Carlsbad, CA, USA). The protocol was modified by adding 3-5-min bead-beating steps.
After the first two bead-beating steps, 250 μl of the lysate was removed from the bead-beating tube and placed in a separate sterile 1.5 ml tube. The DNA from these tubes was then pooled with the DNA that remained in the bead-beating tube after the final bead-beating step. The manufacturer's protocol was followed for the rest of the extraction process. The removal of portions of the lysate and the additional bead-beating steps were done to reduce potential bias imparted by the bead-beating process. Rinsates were tested for amplifiable DNA via PCR. The DNA was amplified using 
| iTag sequencing
DNA amplification and generation of iTag libraries were performed at the University of Minnesota Genomics Center as described (Gohl et al., 2016) . iTag libraries of the V4 hypervariable region of the 16S rRNA gene were generated for all samples. The resulting iTag libraries were sequenced on an Illumina MiSeq, generating paired-end 300 bp reads. A subset of four sediment samples (P1; C1; C2 and C3) was also sequenced using primer pairs intended to amplify the V1-V2-V3 and V5-V6 hypervariable regions (Supporting Information Table S1 ). Sequencing of alternative variable regions allowed us to determine the optimal region to target for future analyses (Figure 2 ).
Only forward sequences trimmed at 170 bp were evaluated for variable region comparison because paired-end reads spanning the V1-V3 regions could not be reliably assembled. These 170 bp fragments enabled the comparison of V1 spanning a portion of V2, V4, and V5 regions ( Figure 2A ). 
| iTag processing and analyses
Data processing was performed using an in-house pipeline (Jones et al., 2017) . Sickle (https://github.com/najoshi/sickle) was used to trim and filter raw sequences using a mean quality score of 30.
Adaptor sequences were removed using cut-adapt (Joshi & Fass, 2011; Martin, 2011) . PhiX reads were removed using BLASTn (Altschul, Gish, Miller, Myers, & Lipman, 1990) . Reads were then assembled using the Paired-End reAd mergeR (PEAR) (Zhang, Kobert, Flouri, & Stamatakis, 2014) . The UPARSE pipeline was used to remove chimeric sequences and cluster them into operational taxonomic units (OTUs) at 97% sequence similarity (Edgar, 2013) 
| Clone libraries
In addition to iTag sequencing, a bacterial 16S rRNA clone library (primers 27F-1492R) was generated from the extracted phosphoclast-associated DNA in order to provide longer reads for enhanced phylogenetic resolution of abundant cloning-amenable taxa. (Okonechnikov, Golosova, & Fursov, 2012) . All assembled sequences were greater than 1,100 bp in length.
| Phylogenetic analyses of phosphorite clones
The 16S rRNA gene sequences of 24 clones were used for phylogenetic analysis. Assembled 16S rRNA gene sequences were pre aligned using the SINA aligner (Pruesse, Peplies, & Glockner, 2012) . The sequences were then imported into a SILVA database V123.1 in ARB V.6 and were manually aligned using the ARB_Edit4 sequence editor tool (Ludwig et al., 2004; Pruesse et al., 2007; Quast et al., 2013; Yilmaz et al., 2014) . Sequences were exported from ARB and were used for maximum likelihood analysis using RAxML v. 8.0.24 with the GTR nucleotide substitution model with a gamma distribution (Stamatakis, 2014) . One thousand bootstrapping replicates were performed using the RAxML's rapid bootstrap equation. Once bootstrapping was completed, the Evolutionary Placement Algorithm (EPA) equation was used to add select OTUs to the final maximum likelihood trees (Berger, Krompass, & Stamatakis, 2011) .
| Identification of polyphosphate metabolic potential
We examined the genomes of close relatives (within the same genus) of the 20 most abundant OTUs in our phosphoclast extraction (representing 7 clades) for the genetic potential to accumulate polyphosphate. All available genomes deposited in the IMG database (Markowitz et al., 2012) of sister species within these genera were queried for the presence or absence of ppx (exopolyphosphatase)
and ppk1 (polyphosphate kinase 1) genes using keyword searches of annotations in the Kyoto Encyclopedia of Genes and Genomes (KEGG; (Kanehisa & Goto, 2000) . If genes were present in the genome, we noted that at least one representative of that genus possesses the genes that may allow them to metabolize polyphosphate and perhaps accumulate it.
| RE SULTS AND D ISCUSS I ON
We compared Illumina iTag amplicon libraries generated from ten 
| Comparison of 16S rRNA gene variable regions
Because high-throughput sequencing recovers only short fragments of the 16S rRNA gene, we first evaluated several commonly-targeted hypervariable regions to determine which region was optimal for further analysis. Four sediment samples (P1, C1, C2, and C3; Figure 1 and Supporting Information Table S3 ) were sequenced to cover the V1-V2, V4, and V5 regions ( Figure 2A ). To determine differences among hypervariable regions in estimating taxonomy, sequences were clustered de novo into OTUs and the relative abundance of taxa was compared. Figure 2B shows differences across the sequenced regions at the phylum level, as well as at the order level for the phylum Proteobacteria. In all four samples, major discrepancies among the variable regions lie in their resolution of archaeal diversity. The V5 region failed to recover Thaumarchaeota OTUs observed by sequences from the V4 region, whereas the V1-V2 region did not recover the archaeal diversity at the phylum level that is observed through the analysis of the V4 region ( Figure 2B ).
Differences between each variable region were further observed when comparing taxonomic coverage at the phylum level The higher taxonomic diversity recovered by the V4 region is also visualized by comparing within-sample diversity estimates. Even though the V4 region does not recover more OTU counts, it consistently produces the highest alpha diversity values in terms of the Shannon index throughout the four samples analyzed (Supporting Information Figure S1A ). Assuming this greater diversity is real, the V4 region better captures alpha diversity and was consequently targeted for the analysis of the remaining samples. Similar differences in community richness across variable regions have been previously reported for other environments (Kim, Morrison, & Yu, 2011; Li et al., 2009; Parada, Needham, & Fuhrman, 2016) . Although the V4 region produces higher diversity estimates, more richness does not necessarily reflect better accuracy obtained by different variable regions compared to the full-length 16S rRNA gene (Kim et al., 2011) .
Further data interpretation should take into consideration that the set of primers used to target the V4 region does not recover some taxa, and might overestimate others, such as certain gammaproteobacteria in marine samples, as recently shown by Parada et al. (2016) ( Figure 2C ).
Despite the observed differences in taxonomic coverage and alpha diversity estimates, between sample diversity comparisons are similar, regardless of the targeted variable region. Procrustes analysis visualized over a principal coordinate plot shows that data obtained from each analyzed variable region cluster together in all four samples (Supporting Information Figure S1B ). Therefore, we concluded that the three variable regions we tested are generally suitable for identifying differences between our sediment-associated microbial communities. Because the V4 region appears to better capture alpha diversity and archaeal OTUs we used the V4 region for community characterization. Beggiatoaceae, which makes these genes difficult to amplify with standard primers Salman, Amann, Shub, & SchulzVogt, 2012) . Another potential factor is that what appears to be abundant LSB biomass under the microscope may in fact represent relatively few cells. However, Thiomargarita cells have been shown to contain thousands of chromosome copies (Schulz, 2006) , so the contributions of extractable and amplifiable DNA from Beggiatoaceae representatives remains complex.
| Microbial
The Chromatiales and certain other gammaproteobacteria OTUs likely represent other lithotrophic taxa that can also oxidize sulfur (Lavik et al., 2009) . For example, members of the genus Sedimenticola sp. (Gammaproteobacteria Incertae Sedis) have the capacity to oxidize a variety of sulfur species (using nitrate as an electron acceptor under anoxic conditions) and are known to accumulate polyphosphate (Cho, Kuniyoshi, Hirai, & Shoda, 1991; Teske et al., 2000) , and some strains of Oceanospirillales to be capable of both sulfur oxidation and carbon fixation (Swan et al., 2011 (Fussel et al., 2012; Lam & Kuypers, 2010) . Both of these groups of organisms contain members that have the ability to oxidize ammonia under micromolar oxygen concentrations, promoting an active nitrogen cycle within suboxic and anoxic OMZs. Certain
Planctomycetes are known to carry out anaerobic ammonia oxidation (anammox) and have been found, to varying degrees, in other studies of Namibian shelf sediments (Kuypers et al., 2005; Woebken, Fuchs, Kuypers, & Amann, 2007) . Apatite precipitation associated with wastewater treatment systems has been shown to be associated with anammox granules; however, the specific metabolisms that influence this precipitation are not well understood (Lin, Lotti, Sharma, & Van Loosdrecht, 2013) .
The compositions of the microbial communities of our sediment samples were similar to those found in previous studies of the Benguela region, as well as to those found in other oceanic upwelling zones, such as in the Arabian sea and the Humboldt Current (Blazejak & Schippers, 2010; Wright, Konwar, & Hallam, 2012) . Table S2 ).
| DNA extracted from phosphoclasts
The presence of an organism within an authigenic precipitate is not by itself evidence that the organism contributed to the mineral precipitation. However, in the case of authigenic marine phosphorites, there is compelling evidence that in some cases polyphosphate metabolism plays a role in creating conditions that allow for carbonate fluorapatite (or its precursors) to precipitate (Goldhammer et al., 2010; Schulz & Schulz, 2005) . While large sulfur bacteria, specifically Thiomargarita spp., have been linked to phosphogenesis via polyphosphate metabolism in the Benguela region, many other taxa, such as Burkholderia, Sedimenticola, and Actinobacteria, have the ability to accumulate polyphosphate Kuroda & Ohtake, 2000; Mullan, Quinn, & Mcgrath, 2002; Nakamura, Masuda, & Mikami, 1991; Seufferheld, Alvarez, & Farias, 2008) . We extracted DNA from within phosphatic grains to assess the possibility that some of the taxa represented by phosphoclast-associated DNA may have contributed to phosphogenesis. We also queried the genomes of sister taxa represented in our phosphoclast-associated library for the primary gene responsible for polyphosphate formation, polyphosphate kinase 1 (ppk1), and one of the genes responsible for the degradation of polyphosphate, exopolyphosphatase (ppx). The presence of both genes in a genome is indicative of the potential to synthesize and hydrolyze polyphosphate (Achbergerová & Nahálka, 2011; Brown & Kornberg, 2008) , processes that are thought to be needed for polyphosphate accumulation and its subsequent hydrolysis. However, a specific marker gene for polyphosphate accumulation (vs. transient polyphosphate synthesis), has yet to be identified.
Ppk2, which typically catalyzes the breakdown of polyphosphate and synthesis of GTP, is not generally correlated with polyphosphate accumulation and granule formation, and was not investigated here.
However, some organisms that accumulate polyP, included microbial eukaryotes, do not possess ppk or ppx genes. As such, our genomic analyses likely represent an underestimate of the diversity of polyPaccumulating microbes (which can also include eukaryotes), in these samples.
A single iTag amplicon library was generated from our phosphoclast extraction that resulted in 79,315 sequences. A library of 24 unique nearly full-length 16S rRNA gene clones was also generated from the DNA extracted from the phosphoclasts, in order to provide greater phylogenetic resolution for some taxa. Table S1 and Figure   S5 ). The phosphoclast library was also enriched in certain OTUs compared with the sediment samples, particularly from specific orders within the Gammaproteobacteria and Deltaproteobacteria Thiohalophilus has yet to be published; however, both Sedimenticola thiotaurini and Sedimenticola selenatireducens are known to produce polyphosphate granules in pure culture and their genomes contain ppk1 and ppx genes .
Sedimenticola OTUs were also abundant in our extant sediment community libraries. Representatives of the Nitrosococcus were also present in our phosphoclast-associated DNA libraries. We found the ppk1 and ppx genes in the genomes of Nitrosococcus spp.
( Table 1 ). Polyphosphate granules have been reported in at least three species of Nitrosococcus (Campbell et al., 2011) . Both ppx and ppk1 were also found in the genomes of several taxa from the Desulfobulbus, Burkholderia, Nitrosococcus, and Methylobacterium, all of which are represented in our phosphoclast extraction iTag library (Table 1) .
While the phosphoclast samples were enriched in OTUs from certain classes, they were depleted in OTUs from other classes relative to the extant sediment communities. For example, OTUs from the Deferribacteres, Anaerolineae, and BD2-2 were strongly depleted in the phosphoclast library relative to the sediments. Anaerolineae and Deferribacteres for instance averaged 6.85% and 2.5% in our sediment samples and comprise only 1.2% and 0.4% respectively of our phosphorite library ( Figure 5 ).
F I G U R E 7
Radar plot showing the abundance of OTUs from families with 100 or more reads from our phosphoclast nodule extraction (red line) compared to OTUs from those same families as they occur in extracts from our sediment samples (symbols) [Colour figure can be viewed at wileyonlinelibrary.com]
We hypothesize that the DNA extracted from the phosphoclasts represents microbial communities that were present in the sediment pore waters when authigenic apatitic mineral phases precipitated.
While this is, to our knowledge, the first report of DNA extracted from marine authigenic phosphoclasts, experimental results have previously shown that hydroxyapatite can protect DNA from degradation (Brundin, Figdor, Sundqvist, & Sjogren, 2013) and DNA can be recovered from viable microbial cells after more than a million years of dormancy (Johnson et al., 2007) . Additionally, numerous studies have recovered DNA from apatite in ancient teeth and bones (Huynh, Verneau, Levasseur, Drancourt, & Aboudharam, 2016; Lejzerowicz et al., 2013; Paabo et al., 2004; Weyrich, Dobney, & Cooper, 2015) .
The differences in community composition between our extant sediment communities and the phosphoclast-associated DNA could result from a variety of different factors. They could reflect differences in conditions between the past environment and the present day. They may also result from the fact that only a subset of the community may have been entombed and preserved within the precipitating authigenic minerals that comprise the phosphoclasts. This subset could preferentially include those organisms that contributed to phosphate supersaturation through polyphosphate metabolism.
However, because the supersaturated conditions are thought to result from the metabolic activities of bacteria within zones of marine pore water, it is unlikely that other organisms in those pore waters would be preferentially excluded from incorporation into the mineral matrix. It is also possible that some organisms degraded faster than others, contributing to preferential preservation of certain taxa. These factors might explain why the community or commu- to have occurred in the Benguela region over the last 7 million years (Compton & Bergh, 2016) . Taking these complications and caveats into account, if the community represented by our phosphorite extraction was a relict from the times during which phosphate precipitation occurred, it could represent one or multiple microbial assemblages that existed at different periods, living in conditions that were conducive to the precipitation of authigenic apatite.
While it is commonly thought that Thiomargarita spp. are the main contributors to changing phosphate concentrations that lead to phosphogenesis, the identification of other organisms representing clades with the potential to accumulate polyphosphate in phosphogenic sediments and phosphoclast-associated DNA suggest that the role of sediment-hosted microbes in phosphogenesis may be more complex and involve other organisms as well. To better understand the microbial role in the precipitation of phosphatic minerals, more work needs to be done to understand the conditions under which Yes (7/9) Yes (9/9) 6/28/16 different organisms accumulate, use, and release phosphate, and determine whether other clades or metabolic processes may also be involved in phosphogenesis, and whether evidence of their activities is preserved in the ancient rock record. 
| CON CLUS IONS
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